Background: Several studies have been carried out in order to investigate the effect of ankle bracing on ankle joint function and performance. However, no study so far has examined the role of skin-brace interface pressure in neuromuscular control. The aim of this study was to investigate the effect of different skin-ankle brace interface pressures on quiet single limb balance and the electromyographic (EMG) activation sequence of four lower limb muscles.
Background
Ankle bracing comprises one of the most common prophylactic measures used during competition by sports participants, in order to prevent lateral ankle sprains. Several experimental studies have been carried out in order to investigate the effect of ankle bracing on athletic performance and other parameters related to function. However, the effect of ankle bracing on balance and postural control has been investigated by a limited number of studies that have demonstrated both positive and negative findings. Bennell & Goldie [1] , showed that application of a Swedeo laced-up brace, and adhesive tape reduced the one-legged stability of uninjured subjects significantly. Similarly, Papadopoulos et al. [2] , found that the application of a laced-up ankle brace deteriorated significantly single and double limb balance in young healthy volunteers. It was speculated that this might be due to the restriction of ankle mobility caused by these supports. Therefore, this negative effect may be either due to an inhibiting effect of the brace on peripheral receptors, or to the reduction of ankle range of motion that might interfere with the compensatory balance correcting strategies. On the other hand, Baier & Hopf [3] showed that a rigid and a semirigid ankle brace significantly improved balance in a group of athletes with instability but had no effect on a healthy control group. Furthermore, in another study by Feuerbach and Grabiner [4] , it was found that the application of an air-stirrup ankle brace, significantly improved postural control of healthy young subjects, since it reduced both the centre of pressure excursion and centre of pressure excursion velocity during single limb balance.
Friden et al. [5] , who also investigated the effect of an airstirrup ankle brace on the single limb balance of patients with lateral ankle sprains, found no positive or negative effect on centre of pressure excursion and centre of pressure excursion velocity. Likewise, Palmieri et al. [6] , who investigated the effect of 4 days ankle-brace use on the mean frequency amplitude of the mediolateral and anteroposterior centre of pressure during one-legged stance, in 28 young healthy college students, found no difference between the brace and control conditions. They concluded that ankle-brace application did not interfere with the proprioceptive control of posture during one-legged stance. However, no information is provided regarding the amount of pressure that the brace was applied by the subjects.
According to all these studies, controversy seems to exist as to the effect of ankle bracing on postural control due to methodological differences of balance assessment, type of brace used and technique application. Furthermore, a limited number of studies have been carried out so far to investigate the effect of ankle bracing on EMG activation time of lower limb muscles. Lower limb activation sequence during standing balance is an important parameter which is related to ankle joint neuromuscular function. Specifically, it was considered important in this study to investigate whether the application of an ankle brace with different pressures affects only the activation sequence of four muscles, and not the overall EMG activity during the 5 sec trial, either due to the stimulation of the skin receptors or to the restriction of joint motion. In a previous study, Roller et al [7] investigated the role of a semirigid ankle brace in the mediolateral and anteroposterior single limb balance, as well as the activation sequence of four lower limb muscles and the abdominals and low back muscles. The results showed no significant difference in AP and ML balance ability and EMG activation time between the conditions with and without brace, which is in aggreement with the findings of the current study. In another study by Rose et al [8] , it was found that the application of semirigid orthotic ankle support did not affect the sequence of four knee muscles during dynamic single limb balance in subjects with overpronation of the foot. To the best of our knowledge, these are the only studies that have investigated the role of ankle bracing in lower limb muscles activation sequence, and therefore further research is needed. Furthermore, no studies have investigated or reported what the average brace application pressure is for different brace types. The importance of studying muscle activation onset during a balance task has been demonstrated by several studies [9] [10] [11] , which described the different strategies used by a person to maintain an upright posture during static [9, 10] or dynamic balance tasks [12] [13] [14] [15] [16] [17] , both in healthy and in idividuals with proprioception deficit. Clearly, there is a need for further research in order to establish the role of brace application pressure on balance and proprioception.
Therefore, the purpose of this study was to investigate the effect of different skin-brace interface application pressures on quiet single-limb static balance and whether the balance maintenance strategies during a single limb stance, can be altered with the application of a specific widely used type of ankle brace the sequence of lower limb muscle activation during balance.
Methods
Thirty-three male physical education students, volunteered to take part in the study. The experimental investigation with human subjects reported in the manuscript was performed with informed consent and followed all the guidelines for experimental investigation with human subjects required by the institutional review board and the ethics committee with which the principal investigators are affiliated. Subjects had no history of severe ankle sprains and joint instability and did not ever make use of an ankle brace or any other type of ankle support. Eligible subjects that were entered to the study underwent anthropometric measurements (Table 1) , and were followed by the assessment of the single limb balance with open and closed eyes in conjunction with the EMG activation time measurements, under three conditions: i) without brace; ii) with brace and 30 kPa application pressure; and iii) with brace and 60 kPa application pressure. A moderate and a high application pressure were chosen because practically, athletes apply ankle braces subjectively, according to the level of support and comfort they prefer. Comfort means better performance and support better injury prevention and the criterion for this choice lies with the individual so far, since no study exists to support any of these parameters. Brace application pressure of 30 kPa resembles a moderately tightened brace and may be chosen by some sports participants in order to be more comfortable and to not hinder their performance. On the other hand, 60 kPa brace application resembles a highly tight application with none of the subjects however reporting pain, discomfort, discolouration or microcirculation disturbances, in this study. This tight application may be chosen by sports participants whose main concern is to prevent ankle injury or re-injury. Furthermore, 60 kPa application pressure is safe because it is significantly lower than the skin pressure threshold of 100 kPa which causes skin breakage [20] . Since ankle brace application pressures have not been measured by previous studies, this is a first attempt to apply pressures as close as possible to the commonly used application techniques by sports participants, for the above reasons.
The laced-up McDavid ankle brace (McDavid Ankle Guard Inc., Chicago, IL) was used for the measurements in the study.
Single limb balance assessment
Single limb balance was assessed using the MatSCAN force platform (Tekscan Inc., Boston, MA) which displayed the average centre of pressure (COP) excursion and centre of pressure excursion velocity in the anteroposterior and mediolateral directions. All measurements described in the study were performed without shoes. All measurements, in all subjects, were performed firstly without brace, secondly with brace and 30 kpa pressure and thirdly with brace and 60 kPa pressure. For this reason an order effect was ruled out, since it was the same for all subjects. The Tekscan mat calibration was done using a Uniform Bladder System, described by Nicolopoulos [18] .
A combined stability parameter (σ r ), described by Riley et al. [19] , was also used for the overall balance assessment, which is based on the root mean square variance of both the centre of pressure excursion and centre of pressure excursion velocity in the anteropostreior and mediolateral direction according to the formula:
where: σ r is the combined stability parameter; σ AP 2 r and σ Latr 2 r are the directional anteroposterior and mediolateral stability parameters correspondingly.
The stability parameter was calculated in order to have a picture of the brace application on the total balance. Subjects were asked to stand on their dominant foot (which was determined by asking them to pretend to kick a ball, with the kicking leg being the dominant), for 5 seconds as quietly as possible, staring at a 3 cm spot fixed one meter on the wall in front of them ( Figure 1 ). Balance was measured with open and closed eyes and a mean of two trials for each condition was calculated. The same procedure was repeated for all three ankle brace conditions.
Interface pressure was measured with the 9811 F-Socket (Teckscan Inc., Boston, MA) sensor which was applied in the anterior aspect of the ankle underlying the brace laces. The F-Socket was calibrated using a sphygmomanometer around the ankle joint up to the point where the desired pressures (30 & 60 kPa) were reached.
Pressure was applied by tightening the laces until the predetermined amount of pressure (30 & 60 kPa) was reached ( Figure 2 ). The two pressures were chosen because according to Convery & Bui [20] , any pressure of 100 kPa and above can cause skin damage, therefore the higher pressure of 60 kPa was much below that level and the 30 kPa was chosen as a moderate pressure. Furthermore, according to Meinders et al [21] , pressures of 40 kPa and over can temporarily stop microcirculation but cause immediate hyperaemia immediately after pressure is removed. Since the brace was removed after each experiment there was no incident of skin irritation or damage.
EMG measurements
The effect of the McDavid ankle brace on the sequence of lower limb EMG muscle activation was measured simultaneously with the balance measurements. Surface Electromyography (EMG) was used to determine the activation time of the gastrocnemius, peroneous longus, rectus femoris and biceps femoris muscles, using a pair of bipolar surface silver chloride electrodes. These muscles were selected because according to the literature they have been used by previous studies for the EMG measurement during single limb balance and are of significant importance in the control strategy of standing balance [10, 17] .
The Biopac MP100 System (BiopacSystems, Inc, Goleta, CA) was used to record and analyse the EMG signal. After the skin was shaved and degreased with 70% alcoholic solution, electrodes were attached to the skin parallel to the muscle fibres, on the most prominent point of the muscles [22] [23] [24] , during isometric contraction and palpation, according to the specifications by Perotto [24] , and an interelectrode distance of 3 cm. Correct placement of the electrodes was tested for crosstalk by asking the subjects to perform active contractions of all four muscles that were measured. The ground electrodes ware placed on bony prominences of the knee and ankle. The raw EMG signal was sampled by the computer with a frequency of 1000 Hz. Processing of the raw EMG signal was performed by converting it to RMS, band pass filtrered between 20 and 500 Hz, in order to subtract electromagnetic noise, and movement artefacts were filtered with a high pass cut off frequency of 20 Hz [25] . The first visible signal that was 2 SDs above baseline activity was considered as the onset of muscle activation [12, 15, 16] .
Statistical analysis
Statistical analysis was performed with the SPSS version 11.
5. In order to analyze differences for balance and EMG measurements between the three ankle brace conditions, as well as for open and closed eyes and the eyes by brace interactions, the two way ANOVA was used. The Bonferonni test was applied for post-hoc comparisons in order to calculate the range of differences and the mean differences, together with the 95% confidence interval. The paired t-test and the mixed effects ANOVA model on the other hand were used to calculate differences for the stability parameter. Since balance was measured twice on the same individual, once with open and another time with closed eyes, a paired t-test was used to calculate the difference in stability parameter between open and closed eyes.
Similarly, as the balance for the 3 ankle brace conditions was measured three times on the same individual, a mixed effects ANOVA model was used to calculate the differences in the stability parameter between the three brace conditions taking also into account the correlation between adjacent observations. For the assessing the statistical significance of a hypothesis a common significance level of 5% was assumed.
Results

Single limb balance
Mean values for the centre of pressure excursion (mm) and centre of pressure excursion velocity (mm/sec), in the mediolateral and anteroposterior direction are displayed in Tables 2 and 3 . No significant differences were found in Single limb balance and muscle activation measurement the mediolateral centre of pressure excursion and centre of pressure excursion velocity between the three ankle brace conditions (F = 0.29, df = 2, p = 0.749) ( Table 2 ).
In the anteroposterior direction however, significant differences were found between the condition with 30 kPa brace application and the condition without brace (mean difference = 3.08, 95% CI: 0.06-6.1; p = 0.043) and between the condition with 60 kPa brace application and the condition without brace (mean difference = 3.09, 95% CI: 0.08-6.11; p = 0.042). Specifically, ankle brace application resulted in a deterioration of the anteroposterior COP excursion and excursion velocity, both with open and closed eyes ( Table 3 ). As far as the effect of vision is concerned, significant differences were found between open and closed eyes, both in the mediolateral (F = 22.3, df = 1, 192, p < 0.001) and the anteroposterior (F = 175.4, df = 1, 192, p < 0.001) direction, in all three ankle brace application pressure conditions, with single limb balance being significantly worse with closed eyes. (Tables 2 and  3 ).
As far as the stability parameters are concerned, no significant differences were detected in single limb balance between the three brace application conditions, in the anteroposterior (F = 2.12, df = 2, p = 0.13), mediolateral (F = 0.05, df = 2, p = 0.95) and the total (F = 0.26, df = 1, p = 0.77) stability parameters. Lastly, significant differences were found in the total stability parameter between open and closed eyes (F = 2.24, df = 32, p = 0.032). Table  4 displays the mean values and standard deviations of the stability parameters for the three ankle brace and eye conditions.
EMG Measurements
Analysis of variance showed that there were no significant differences in the activation time of the peroneus longus (F = 0.008, df = 2, p = 0.99), gastrocnemius (F = 0.28, df = 2, p = 0.75), rectus femoris (F = 1.13, df = 2, p = 0.32) and biceps femoris (F = 2.11, df = 2, p = 0.124), between the three ankle brace application conditions. Furthermore, no significant differences in EMG activation time were found in single limb balance between open and closed eyes for the peroneus longus, gastrocnemius and rectus femoris muscles. However, significantly faster activation of the biceps femoris muscle was detected with open eyes as compared to closed eyes, in all three brace conditions. Mean EMG activation time values are displayed in Table  5 . No change in the EMG activation time sequence was observed for the four lower limb muascles that were tested in the three brace application conditions (Table 6 ).
Discussion
To the best of our knowledge, this study is the first to investigate the effects of ankle brace application pressures on postural control and electromyographic activation sequence of lower limb muscles. In a recent study, Papa- dopoulos et al. [26] , examined the effects of different ankle brace application pressures on the peroneus longus reaction time, during a sudden inversion stress test and found that ankle brace application with medium and high pressure, resulted in a significant delay of the peroneal reaction time. In the current study, we investigated the effect of no brace application and two different ankle brace application pressures, on single limb balance control and the electromyographic activation sequence of four lower limb muscles. The results showed that overall with the specific type of brace that was used in this study, postural control, as assessed by the total stability parameter 'σ r ', was not positively or adversely affected by the two different brace application pressures. This finding is in agreement with previous studies, which showed that ankle bracing had no effect on postural control, without however, referring to the pressure of brace application [5, 6] . It was also shown that different ankle brace application pressures had no effect on the mediolateral plane but on the other hand, it significantly deteriorated balance in the anteroposterior plane. These findings are partly in agreement with Bennell & Goldie [1] , and Papadopoulos et al. [2] , who also found that ankle bracing adversely affected balance in young healthy volunteers. However, the fact that mediolateral balance was not affected in any of the three brace application conditions may be more valid in this research since in this study sample, the COP trajectory during single limb balance, mainly traveled in the mediolateral direction. The deterioration of balance in the anteroposterior direction may also be attributed to the fact that muscular control of single limb balance which is more efficient in the AP direction [27] , was adversely affected by the application of the ankle brace. Furthermore, since both the mediolateral (σ Apr ) and the anteroposterior (σ Latr ) stability parameters, as well as the total stability parameter (σ r ), were not significantly affected, it may be concluded that overall, the application of the two different ankle brace application pressures, had no positive or negative effect on quiet single limb balance. This is also supported by Riley et al. [7] , who stated that the stability parameter they calculated, which combines both the centre of pressure excursion and centre of pressure excursion velocity, as well as the mediolateral and anteroposterior planes, is more valid and representative for the assessment of standing balance than separately assessing each of these parameters alone. This information may be useful in future studies as well as in the clinical setting, since it seems that the application of the laced-up ankle brace with a moderate and a high pressure, had no significant stimulation effect on the peripheral, mainly skin receptors, and therefore afferent signals were not strong enough to provoke a specific central response and affect single limb balance control. Another finding of this study was that single limb balance was significantly worse with closed eyes as compared to open eyes. This is in agreement with previous studies [2, [28] [29] [30] [31] and further establishes the importance of vision which is one of the three major sources of balance control together with the vestibular system and the peripheral joint receptors [32] .
The results of the electromyographic measurements showed that the sequence of lower limb muscle activation onset was not altered by the application of two different ankle brace application pressures. This finding cannot be compared with previous studies since this is the only study that has investigated the effect of ankle bracing on the EMG activity of lower limb muscles and, as mentioned above, the only that has examined the effect of different brace application pressures. However, useful information that arises is that different ankle brace application pressures do not change the ankle strategy of balance control, which is the one that dominates during balance of young healthy subjects [15, 10, 14, 9, 33] . Therefore, the fact that the more distal peroneus longus and gastrocnemius muscles were activated faster than the more proximal thigh muscles (rectus femoris and biceps femoris), both in the condition without brace and the conditions with moderate and high brace application pressures, further supports the hypothesis that the central nervous system (CNS) does not alter its single limb balance control strategy. Several explanations may be given for this observation: first, the skin receptors are either not adequately stimulated by the high application pressure of the brace so as, in turn, to provoke a CNS response, or their role in controlling single limb balance is less important. Second, the fact that the study sample consisted of non-injured subjects, may in part explain the lack of pressure application effect on balance. It could be argued that joint receptors in healthy subjects may be adequate in preventing single balance distortion with different ankle brace application pressures. However, this is not supported by previous studies since ligament receptors are stimulated in the end ranges of joint motion and therefore ligament injury affects only the mechanical and not the functional dynamic stability of the joint which is mostly controlled by the muscle spindles [32] . Further research, which will investigate the effect of ankle brace application in injured subjects too, is necessary.
Conclusion
The findings of this study showed that regardless of application pressure, ankle bracing had no adverse effect in single limb balance or EMG activation sequence. This finding is limited to the specific type of ankle brace that was used in the study and cannot be generalized to other types of ankle support. However, in another study by Papadopoulos et al. [26] , it was found that both moderate and high application pressures delayed the activation of the peroneus longus during sudden inversion. That fact that this is the only active protective mechanism against lateral ankle sprains questions the safety of wide ankle brace use and necessitates the need for further research. This will include performance measurements as well as the comparison of different types of ankle supports including rigid ankle braces in more real functional sports related activities, in order to see if their increased restricting effect (shown in previous studies), interfere with function and performance. The findings of this study which refer to the prophylactic use of the laced up ankle brace, may contribute to the determination of the optimum application technique in order to combine prevention and performance.
